ABSTRACT
Introduction
La Palma is a volcanic island located in the northwest sector of the Canary Islands (Figure 1 ). It spans 45 km in north-south direction and 28 km in east-west directions, respectively. The area is 706 km 2 and the maximum altitude is 2423 m. La Palma consists of two volcanic systems. The northern part of the island was created by the activity of the older volcano Cumbre Nueva (more than 3.0 Ma; Staudigel et al. [1986] ) and the southern part has been built by the activity of Cumbre Vieja until 123 ka ago. The length of the main north-south rift zone is about 20 km [Ancochea et al. 1994 , Day et al. 1999 .
The collapse of the mountain flank is ordinary for volcanoes and sometimes it can affect very seriously the nearby population. Recent geological investigation shows that the 1949 volcanic eruption near the summit of the Cumbre Vieja might have been accompanied by the development of a west facing fault system along the crest of the volcano. It is considered to be the first surface rupture along a developing zone of flank instability [Day et al. 1999 ]. This fault is not the surface of a dyke and might be a sign of large scale land collapse. There are many ancient deposits of debris flow and debris avalanches distributed on the seafloor around the Canary Islands and some of them are larger than the area of the island itself [Krastel et al. 2001] . The vertical ground layer structure of La Palma suggests that the weak layer is made of debris avalanche deposit and/or collapse distributed on the seafloor by the activity of older volcano Cumbre Nueva, and the eruption product of Cumbre Vieja accumulated on it. The magma bulge beneath the north-south rift zone may cause the rupture of the Cumbre Vieja flank with the product of collapse running into the sea at the speed of 100 m/s. This might generate a huge tsunami and give rise to a very serious damage to the islands and the north-west coast of Africa and also to the east coast of America [Ward and Day 2001] . It is necessary to investigate the 1949 fault by various geophysical techniques, not only the standard ones, for proper risk estimation.
Cosmic-ray muon radiography (muography) is a new method that can be used to make a map of the inner density structures of large objects such as volcanoes. Many investigations were performed on volcanoes by this method recently [Tanaka et al. 2007a [Tanaka et al. , 2007b [Tanaka et al. , 2007c [Tanaka et al. , 2009a [Tanaka et al. , 2009b [Tanaka et al. , 2010 [Tanaka et al. , 2014 Lesparre et al. 2012 , Jourde et al. 2013 , Cârloganu et al. 2013 . The principle is similar to the one of ordinary X-ray photography. The source that corresponds to X-rays is provided by cosmic-rays from the sky, muon Figure 2 . An image of the sensitive layer of nuclear emulsion by using an optical microscope. The size of the view is 120 micron * 105 micron. Each silver grain diameter is about 1 micron and the field depth of the objective is about 3 micron. Aligned grains on the straight line are the track produced by high energy charged minimum ionization particle. The rigid frame was covered by polystyrene thick foils to prevent heating and rapid changes of the surrounding temperature. Two GPS antennas were attached to the frame to measure the position and the direction of the detector. (c) The schematic of the muon detector inside. Four metallic frames were stacked in a vertical direction and five ECC were included in each frame. (d) The cross view of each ECC is represented as a schematic diagram. The root mean square of deflection angles (Di i ) of charged particle in the material is proportional to the inverse of momentum and the square root of the radiation length of the material. Considering the angular resolution of emulsion films and the radiation length of the lead plates, most charged particles with momentum below 2 GeV/c should be rejected. detectors act as X-ray films, and the imaging target are volcanoes. The remarkable difference between X-rays and cosmic-ray muons is the attenuation length in the material. The typical attenuation length of X-rays is less than 100 g/cm 2 "density length" (1 m water equivalent), while the attenuation length of cosmic-ray muons ranges from 10 m to more than 1 km water equivalent depending on the momentum. In the previous observation of the low density rock crushing zone in the ancient seismic fault in Itoigawa, Japan, the low density zone width was evaluated to be about 20 m [Tanaka et al. 2011 ]. In the case of La Palma, the expected width of the 1949 fault is just a few meters. A muon detector with high spatial resolution is needed. Furthermore, it's difficult to get stable and continuous electric power supply around the 1949 fault. The features of nuclear emulsions (Figure 2 ) [Nakamura et al. 2006 ], compared with the ones of any other muon detectors are the following: 1) intrinsic high spatial resolution; 2) no electric power supply needed.
Detector installation and exposure of cosmic-rays
In January 2014 a rigid metallic frame containing Emulsion Cloud Chamber (ECC) and having 0.19 m 2 effective area (Figure 3a ) was placed at the bottom of the ravine (Figure 4 ). ECC has a modular structure made of a sandwich of passive material plates such as lead interleaved with emulsion film layers (Figure 3c ). We used ECC to remove low momentum particles by the detection of their large deflection angles in lead (Figure 3d ) [Nishiyama et al. 2014] . The detector position and the orientation were measured by two GPS receivers as shown in Figure 3b . After 106 days' exposure, the detector was removed and all films were developed. Now the films are under data taking by automated readout systems [Armenise et al. 2005; Arrabito et al. 2006] . Such systems acquire tomographic images in the emulsion sensitive layers and recognizes straight sequences of silver grains leaved by muons. The output data are the positions and the directions in x-and y-axis, respectively. After the reconstruction of tracks in ECC by offline processing [Tioukov et al. 2006] , muon candidates are selected by average number of grains per length and average deflection angle.
Estimation of the expected performance
We estimated the detectable region in this exposure. The maximum detectable depth from the ground surface is determined by the topography around the fault and the detector. The side view of the topography along the fault is shown in Figure 5 . For example, if the elevation angle is 200 mrad, the maximum depth from the ground surface is about 20 m, while if elevation angle is 100 mrad, the path length is too long to get enough muon statistics to evaluate the density.
The maximum detectable depth also depends on the width of the low density zone in the fault; as the width of the low density zone increases, the solid angle for low density path increases, consequently the available statistics of penetrating muon increases. In Figure 6 the expected detectable region is shown as a function of the width of the low density zone and of the depth from the ground surface. The parameters we assumed are the following: a) effective area is 0.19 m 2 ; b) exposure time is 106 days; c) muon flux model by Honda et al. [2004] and the muon energy attenuation by Groom et al. [2001] are used; d) the muon detection efficiency is 79% and it has no angular dependence; e) the bulk density of the rock around the fault is uniform (2.2 g/cm 3 ) while a density of 2.0, 1.9, 1.8, 1.7 g/cm 3 in the rock crushing low density zone is supposed. pected contrast region is found. If so, the thickness of the low density zone of crushed rock should be small, less than 2 meter in the case of 1.7 g/cm 3 .
Conclusion
There is the possibility that the 1949 fault in La Palma is the sign of a large scale land collapse. High spatial resolution is necessary to gather information about this fault. We applied the muon radiography method to investigate this fault with a nuclear emulsion based detector. All the films are under analysis. We estimated the detectable region for some important parameters assuming a very simple model. We might see/exclude inner bulk density anomalies in the detectable region at the end of emulsion measurements and data analysis. . Relation between the width of low density crushing zone and the maximum detectable depth from the ground surface. If both parameters are above the solid line, we can detect the low density zone of the fault with more than 90% statistical confidence level.
